The local density of states of a degenerate semiconductor is investigated at low magnetic fields by resonant tunneling through a discrete localized electron Typeset using REVT E X 1
Quantum mechanics is well known to manifest itself in the low-temperature transport properties of disordered conductors. Weak localization corrections to the conductivity [1] and universal conductance fluctuations [2] are the phenomena most explored experimentally in disordered metals. Their theoretical understanding is based on the interference of diffusive electron waves [1, 3] which on one hand, suppresses quantum diffusion and, on the other hand, makes the transport properties sample-specific since the interference pattern depends on the configuration of disorder. Universal conductance fluctuations are entirely determined by the properties of electron states at the Fermi level. According to existing theory, however, fluctuations in the spectrum of levels as well as the structure of wavefunctions are reflected in full detail only in the density of states [4] and, especially, the local density of states (LDOS) [5] of disordered systems. Recently, the first LDOS observation was realized by employing scanning-tunneling microscopy to image the influence of an external modulation on the two-dimensional surface bands of noble metals [6] . In contrast, the experimental study of LDOS fluctuations in disordered three-dimensional conductors was impossible until now due to the lack of an appropriate spectrometer.
In this letter, we analyze the LDOS of a three-dimensional (3D) degenerate semiconductor by means of resonant tunneling through a discrete localized electron state. Resonant tunneling is known as a spectroscopic tool for probing the properties of electronic systems [7] . Recently, it has been proposed to employ resonant tunneling through impurity states for studying the LDOS in the contacts of metal-insulator-metal junctions [8] . The idea of our experiment is slightly different as illustrated by the sketch in Fig. 1 . Electrons tunnel from the heavily-doped disordered emitter of a double-barrier heterostructure through the energetically-lowest level S in the quantum well which serves as spectrometer because it is narrow in energy and localized in space. Such discrete localized states were recently shown to have a defect-related origin [9] . The tunneling current I is determined by the transparency of the thick emitter barrier as well as by the local tunneling density of states ν in the emitter at the position of the spectrometer, I ∝ ν. As a bias voltage V is applied, the spectrometer scans the LDOS below the Fermi level as a function of energy. The most striking feature of the data is the reproducible oscillatory fine structure which is superimposed on the current plateau between the two current steps. Indications of similar fluctuations were recently observed by several groups [10] [11] [12] [13] . The current plateau is formed by electrons which tunnel from below the emitter Fermi level through the lowest discrete state in the quantum well. The tunneling current depends on the transparencies of the barriers and the density of states in both contacts. In order to eliminate the influence of the collector-barrier tunneling process, we designed the double-barrier heterostructure strongly asymmetric. The transparency of the thick emitter barrier is by orders of magnitude lower than that of the collector barrier. Hence, it is the emitter-tunneling process which determines the magnitude of the current. The observed fine structure represents thus a direct image of fluctuations of the density of states in the emitter contact, δI ∝ δν. This image is recorded by using the energetically-lowest discrete state in the quantum well as spectrometer. The finite slope of the current plateau is due to the smooth bias-voltage dependence of the transparency of the emitter barrier [14] .
The fine structure is even more pronounced in the simultaneously measured differential conductance G = dI/dV plotted in Fig In contrast, the fine structure is practically temperature independent. This independence complies with the assumption of resonant tunneling from below the Fermi level where at T = 1.0 K all emitter states are still occupied.
In order to investigate the quantum origin of the density of states fluctuations, we employed a magnetic field to vary the interference conditions for diffusive electron waves in the emitter contact. Figure 2 shows the differential conductance G as a function of both the bias voltage V and a magnetic field B parallel to the current flow. The position of the main resonances in bias is up to B = 2 T independent of the magnetic field, which demonstrates that the corresponding discrete electron states in the quantum well are strongly localized in space. Measurements up to higher fields yield a radius of r ∼ 10 nm for the energetically-lowest state (in analogy to Ref. [14] ) which suggests that the spectrometer is a single impurity within the double-barrier region. The spectral resolution of our experiment is deduced from the width of the first conductance resonance as γ ≈ 0.2 meV. Since the spectrometer is strongly localized, it is the local density of states at the lateral position of this discrete level which determines the oscillatory fine structure between the two main resonances. It is however important to realize that the differential conductance displays in contrast to the current not directly density of states fluctuations but their derivative with respect to energy, δG ∝ δ(dν/dE). The fine structure shows a strong irregular dependence on magnetic field which is the subject of the following statistical analysis.
The 
